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Introduction {#sec001}
============

Oral cancer is a type of malignant growth that more than 45,000 individuals will be diagnosed with in the United States in 2015 alone. Treatment options have improved over the last years, and the overall 5-year relative survival rates have increased from 52.7% in 1975 to 66.3% in 2007. This is in part due to the introduction of novel treatment options, one of which is intensity-modulated radiation therapy (IMRT) \[[@pone.0147752.ref001]--[@pone.0147752.ref004]\]. This type of radiation therapy allows the administration of ionizing radiation with varying intensities, effectively depositing DNA-damage events in a fairly defined region \[[@pone.0147752.ref005]\] of the oral cavity. While IMRT is administered routinely, little is known about the spatial resolution of DNA damage on a case-by-case basis, and whether this damage can be visualized using injectable probes. Such an agent could ultimately aid preclinical investigations and improve the precision and methodology of IMRT in the clinic.

With this in mind, we turned our focus to PARP1, an enzyme that is instrumental for DNA damage response after single and double strand DNA breaks \[[@pone.0147752.ref006]--[@pone.0147752.ref008]\]. PARP1 stands at the beginning of the DNA repair cascade, and its activation leads to the recruitment of other DNA damage response factors \[[@pone.0147752.ref009]--[@pone.0147752.ref015]\]. The activation of PARP1 after DNA damage is quick, and long branched poly(ADP-ribose) chains are formed seconds after the event \[[@pone.0147752.ref016]--[@pone.0147752.ref018]\]. In this study, we sought to measure the expression of PARP1 using the imaging agent PARPi-FL. The fluorescent small molecule inhibits PARP1 action by binding to the enzyme's ADP binding pocket, similar to therapeutic small molecules \[[@pone.0147752.ref019], [@pone.0147752.ref020]\].

PARP1 is a desirable imaging target, because it is overexpressed in a wide variety of cancers \[[@pone.0147752.ref021]--[@pone.0147752.ref029]\], and its overexpression allows the differentiation of tumor cells from healthy surrounding and invaded tissues \[[@pone.0147752.ref030]\]. PARPi-FL has been validated \[[@pone.0147752.ref031]--[@pone.0147752.ref033]\] as an imaging agent for tumor tissue, but its use for tissues that underwent treatment has not been investigated. The questions we aimed to address in this study are the following: (A) does PARPi-FL accumulate selectively in tumor nuclei, even after delivering a dose of radiation lethal to \>95% of a tumor cell population? (B) Is the marker distributed and retained in tumor tissue, even after delivery of a therapeutic dose of radiation? (C) Do PARP1 levels respond to ionizing radiation, and can this response be imaged using PARPi-FL?

The understanding of where, how and to what extent radiation damage unfolds is critical to designing effective and optimized treatments regimens. The correlation between irradiation and DNA damage in oral cancer cells has been shown on the histological level, for example by measuring phosphorylated γH2AX foci formation \[[@pone.0147752.ref034], [@pone.0147752.ref035]\], but an injectable marker which can image such a response is to date an unmet clinical need. Here, we show that PARP1 is overexpressed in oral cancer, and using this model, we determine that PARPi-FL is a selective marker in oral cancer cell lines, irrespective of whether they received ionizing radiation or not. Our results show that PARPi-FL uptake increases as a response to ionizing radiation within the first 48 hours. We also show that the elevated uptake correlates with higher PARP1 expression, and that uptake is selective not only *in vitro*, but also *in vivo*. The studies described here provide a framework for further investigating PARP1 as a marker of radiation-induced DNA damage.

Methods {#sec002}
=======

Cell Culture {#sec003}
------------

Experiments were carried out using two human OSCC cell lines. FaDu (hypopharyngeal SCC; ATCC, Manassas, VA) were maintained in MEM medium and Cal27 cells (tongue SCC; ATCC, Manassas, VA) were maintained in D-MEM medium, both containing 10% (v/v) FBS and 1% Penicillin/Streptavidin. Cells were grown in monolayer culture at 37°C in a 5% CO~2~ humidified atmosphere and passaged at 70--80% confluency.

Animal models {#sec004}
-------------

Female athymic nude (NCr-Foxn1nu, Taconic, Hudson, NY) were housed under standard conditions with water and food ad libitum. Animals were anesthetized with 2% isoflurane throughout tumor implantation, irradiation and imaging. To implement subcutaneous human OSCC tumors, 2×10^6^ FaDu or Cal27 cells were dispensed in 50 μl medium, and 50 μl Matrigel^™^ (BD Biosciences, Bedford, MA) was added before injection on the lower back of the animals. For irradiation experiments, we used bilateral FaDu xenografts. Experiments were started 15 days after xenografting, when tumors had reached 100--150 mm^3^ volume. All animal experiments were done in accordance with institutional guidelines and approved by the IACUC of MSK and followed NIH guidelines for animal welfare. Animals were sacrificed before the experimental endpoint if tumors reached a volume of more than 1000 mm^3^, or animals displayed severe signs of distress such as rapid weight loss, crouching and impaired movement.

PARP1 expression in tissues {#sec005}
---------------------------

PARP1 antigen expression was assessed in mouse tongue, FaDu and Cal27 xenografts using IHC to determine their basic PARP1 expression before irradiation. The staining was done using the Discovery XT processor (Ventana Medical Systems, Tucson, AZ). Paraffin-embedded formalin fixed 3 μm sections were deparaffinized with EZPrep buffer, antigen retrieval was performed with CC1 buffer (both Ventana Medical Systems, Tucson, AZ) and sections were blocked for 30 min with Background Buster solution (Innovex, Richmond, CA). The anti-PARP1 rabbit polyclonal antibody (sc-7150, Santa Cruz Biotechnology, Santa Cruz, CA) was incubated for 5 h (0.2 μg/ml), followed by 1 hour incubation with biotinylated goat anti-rabbit IgG (PK6106, Vector Labs, Burlingame, CA) at a 1:200 dilution. For detection, a DAB detection kit (Ventana Medical Systems, Tucson, AZ) was used according the manufacturer instructions. Sections were counterstained with hematoxylin and coverslipped with Permount (Fisher Scientific, Pittsburgh, PA, USA). Incubating with a rabbit IgG instead of the primary antibody controlled for non-specific binding of the secondary antibody. Adjacent sections were stained with hematoxylin and eosin for morphological evaluation of the tissue. The staining was performed at the Molecular Cytology Core Facility of MSK. For quantification of PARP1 protein distribution, thresholding was performed (MetaMorph^®^ Software, Molecular Devices, Sunnyvale, CA) on brown (PARP1) and blue (tissue) areas of digitalized sections and the relative PARP1 positive area was calculated by dividing the brown area by the total tissue area. 10 field-of-views were analyzed per section.

Cell irradiation and clonogenic survival {#sec006}
----------------------------------------

Cells were irradiated with 0, 2, 4, 6, 8 and 10 Gy in 75 cm^2^ culture flasks using a J.L. Shepherd Cesium irradiator (J.L. Shepherd, San Fernando, CA) at a dose rate of 174 cGy/min. Clonogenic survival was assessed as previously described \[[@pone.0147752.ref036]\]. Briefly, after irradiation, cells were trypsinized, counted and pre-defined numbers of viable cells were plated in 6-Well plates in triplicate. In order to receive a sufficient colony count (between 50 and 100), two cell numbers were plated per irradiation dose (0 Gy: 200, 500; 2 Gy: 500, 1000; 6 Gy: 800, 3000; 8 Gy: 1600, 7000; 10Gy: 2500, 8000). Cells were cultured 10--14 days and then stained with 0.5% Crystal Violet (Sigma-Aldrich, St. Louis, MO) for 10 min at room temperature. Only colonies consisting of at least 50 cells were counted and a mean was calculated from the triplicate wells. The plating efficiency of each irradiation dose was calculated by dividing the number of counted colonies by the number of cells plated. The relative clonogenic survival was calculated by dividing the plating efficiency of a certain irradiation dose by the plating efficiency of untreated cells. Three independent experiments were carried out for each cell line.

PARPi-FL uptake of cells {#sec007}
------------------------

To determine the binding of PARPi-FL to cells, they were plated in 8-Well Chamber Slides (Lab-Tek Brand; Nalge Nunc International, Naperville, IL). After 24 hours, cells were treated with 0 or 10 Gy irradiation in a J.L. Shepherd Cesium irradiator (J.L. Shepherd, San Fernando, CA) at a dose rate of 174 cGy/min. 24 hours post irradiation, cells were incubated with a 1 μM solution of PARPi-FL for 20 min at 37°C, followed by two 5 min incubations in full medium and one wash in PBS. Subsequently, cells were fixed with 4% Paraformaldehyde, plastic chambers were removed and slides were mounted with Mowiol^®^ mounting medium containing Hoechst 33342 for counterstaining of cell nuclei. Imaging was done using a Leica SP5 upright confocal microscope (Leica, Buffalo Grove, IL), equipped with appropriate lasers and emission filters. PARPi-FL was imaged using the FITC channel and 488 nm laser excitation.

Effect of cell irradiation on PARPi-FL uptake {#sec008}
---------------------------------------------

We quantified the change in PARPi-FL uptake in FaDu and Cal27 cells after irradiation using Flow Cytometry. First, cells were irradiated with 0, 2, 4 and 10 Gy in 25 cm^2^ culture flasks using the J.L. Shepherd Cesium irradiator (J.L. Shepherd, San Fernando, CA) at a dose rate of 174 cGy/min. At different time intervals post irradiation (6, 24 and 48 hours) PARPi-FL staining was initiated. Following a wash with PBS, cells were trypsinized, counted and portions of 0.5 × 10^6^ cells of the single cell suspension were aliquoted into 1.5 ml Eppendorf tubes (Eppendorf, Hamburg, Germany). For each time point and irradiation dose, samples were either left unstained, were stained with PARPi-FL or Olaparib/PARPi-FL. Co-incubation with a 10-fold excess of the non-fluorescent PARP1 inhibitor Olaparib was carried out to control for binding specificity of PARPi-FL. For staining, cells were washed with 1 ml FACS buffer (1% BSA (w/v) in PBS). Then, 1 ml of the staining solution (FACS buffer only, 0.5 μM PARPi-FL in FACS buffer or 5 μM Olaparib/0.5 μM PARPi-FL in FACS buffer) was added for 20 min at 37°C, followed by one 5 min wash in 1 ml FACS buffer. Next, cells were centrifuged, the supernatant was aspirated and cells were resuspended in 0.5 ml FACS buffer and transferred to 5 ml round bottom flow cytometry tubes (BD Biosciences, Bedford, MA) through a 40 μm strainer to remove doublets and left on ice until measurement in the flow cytometer (LSR^®^ II, BD Biosciences, Bedford, MA). For each measurement, 10,000 events were counted. Raw data were processed in FlowJo software in order to calculate the changes in PARPi-FL uptake after irradiation. Cell clumps and debris were eliminated using the corresponding gates (forward and side scatter) for the unstained cell population. The gates were applied to all stained samples. PARPi-FL fluorescence was imaged in the FITC channel against side scatter (area).

*In vivo* irradiation {#sec009}
---------------------

Bilateral FaDu xenografts were inoculated 15 days before irradiation on the left and right side of the lower back of female athymic nude mice (n ≥ 3/group). Tumor volume was measured with a caliper every 3--5 days and calculated by the formula π/6 × (length × width × height of the tumor). Tumors on the right side were irradiated with 10 Gy using an image-guided microirradiator (X-Rad 225 Cx, Presicion X-Ray, North Branford, CT). The irradiation area was centered on the tumor by using the built-in cone-beam CT for soft tissue imaging and a 2×2 cm collimator. X-Ray irradiation was delivered at a dose rate of 3.1306 Gy/min while animals were under 2% isoflurane anaesthesia.

PARP1 expression following irradiation {#sec010}
--------------------------------------

At 24 hours and 48 hours after the irradiation, animals were sacrificed using carbon dioxide asphyxiation. Tumors were explanted, formalin-fixed and embedded in paraffin for immunofluorescent PARP1 staining. This was done following the protocol for IHC as described above, with the difference that detection was performed with Streptavidin-HRP D (from DABMap Kit, Ventana Medical Systems), followed by incubation with Tyramide Alexa Fluor 594 (T20935, Invitrogen, Carlsbad, CA), prepared according to the manufacturer's instructions. Sections were counterstained with 4',6-diamidino-2-phenylindole (DAPI) for 10 min and coverslipped with Mowiol^®^ mounting medium (Sigma-Aldrich, St. Louis, MO). Immunofluorescence staining allowed for evaluation of the intensity of the PARP1 signal in each nucleus in addition to the PARP1 positive area. In each section, 10 fields of view were analyzed (total area 3.64 mm^2^). For each tumor, three sections were analyzed. Per group (irradiated and non irradiated) 4 tumors were analyzed.

The PARP1 quantification was done on digitalized slides using an automated segmentation and quantification protocol generated with the software MetaMorph^®^ (Molecular Devices, Sunnyvale, CA) using the three scanned channels (red = PARP1, blue = DAPI, green = autofluorescence). The PARP1 positive area was determined by thresholding the red fluorescent area and dividing it by the whole tissue area, which was determined based on autofluorescence. PARP1 intensity was determined by measuring the red fluorescence intensity in all nuclei, which were thresholded using DAPI staining. The measured fluorescence intensities were averaged over all nuclei in each field-of-view.

Synthesis of PARPi-FL {#sec011}
---------------------

Synthesis of the optical imaging agent PARPi-FL was carried out analogous to what was previously described \[[@pone.0147752.ref032]\]. Briefly, the green fluorescent dye BODIPY-FL NHS-ester (Invitrogen, Carlsbad, CA) was conjugated to 4-(4-fluoro-3-(piperazine-1-carbonyl)benzyl)phthalazin-1(2H)-one, followed by purification via preparative HPLC (Waters' XTerra C-18 5 μm column, 7 ml/min, 5% to 95% of acetonitrile in 15 min). PARPi-FL was obtained in 70--79% yield as a red solid in \>97% purity. The identity of PARPi-FL was confirmed using ESI-MS (MS(+) m/z = 663.4 \[M+Na\]+). For *in vivo* imaging studies, PBS (117 μl) was slowly added to an aliquot of PARPi-FL (50 μg, 75 nmol) in 50 μl of poly(ethylene glycol) (PEG300, Sigma-Aldrich, St. Louis, MO) to obtain a final injection volume of 167 μl.

Imaging of PARPi-FL uptake in response to irradiation {#sec012}
-----------------------------------------------------

Cohorts of subcutaneous FaDu tumor bearing animals were injected intravenously with PARPi-FL (75 nmol/167 μl PBS with 30% PEG300) 24 hours and 48 hours post irradiation and 90 min before sacrifice by carbon dioxide asphyxiation. Irradiated and non-irradiated tumors as well as tongues were explanted and the fresh tissues imaged immediately in the epifluorescence system IVIS (PerkinElmer, Waltham, MA) using the standard filter set for GFP imaging. Autofluorescence was removed using spectral unmixing. The PARPi-FL signal was analyzed semiquantitatively by measuring the average radiant efficiency \[p/s/cm2/sr\]/\[μW/cm^2^\] in regions of interest (ROIs) that were placed on the tissue under white light guidance. Resulting numbers are normalized for the integration time, binning, f/stop, field of view, illumination intensity, and the ROI area, making measurements comparable among each other. After epifluorescence imaging, the freshly excised whole tumors were imaged microscopically. Tissues were placed on a cover slip with a freshly cut surface facing the cover slip and images were taken on an inverted laser scanning confocal microscope using 488 nm laser excitation (LSM 5-Live, Zeiss, Jena, Germany). PARPi-FL stained tumors were also compared to tumors that did not receive PARPi-FL injection to assess the extent of autofluorescence in the images. To confirm the specificity of the PARPi-FL stain to PARP1 protein, cryosections of the excised tumors were stained with an anti-PARP1 antibody. For this, 10 μm cryosections were fixed with 4% Paraformaldehyde, blocked for 30 min with 3% goat serum, stained overnight with the primary antibody (rabbit anti-PARP1, 1μg/ml, sc-7150, Santa Cruz), rabbit IgG (isotype control) or antibody dilution buffer (no primary control, PBS containing 1%(w/v) BSA and 0.3% TritonX-100). This was followed by secondary antibody staining (goat anti-rabbit-AF680, 2μg/ml, Invitrogen), Slides were mounted with Mowiol (Sigma-Aldrich) containing Hoechst 33342 for nuclear counterstaining.

Statistical analysis {#sec013}
--------------------

Statistical analysis was performed using GraphPad Prism 6. Unless otherwise stated, data points represent mean values, and error bars represent standard deviations of biological replicates. P values were calculated using a Student's unpaired t-test, corrected for multiple comparisons by the Holm-Sidak method with an alpha of 0.05 or 0.01 as the cutoff for significance.

Results {#sec014}
=======

PARP1 expression in tissues {#sec015}
---------------------------

We observed a strong nuclear expression of PARP1 in FaDu and Cal27 tumor tissue, but not in mouse tongue tissue ([Fig 1A](#pone.0147752.g001){ref-type="fig"}). This was quantified by measuring the percentage of tissue area that was stained by PARP1 (brown staining) compared to the whole tissue area (stained with hematoxylin; blue) using color thresholding. In FaDu tumors, 37.2 ± 3.2% of the tissue was found to be positive for PARP1, and Cal27 tumors displayed PARP1 staining in 28.7 ± 1.7% of the tissue. In contrast, tongue tissue (muscle and mucosa) had a 1.4 ± 0.4% PARP1 positive area ([Fig 1B](#pone.0147752.g001){ref-type="fig"}). Specificity of the staining became obvious in higher magnifications, where it could be seen that only tumor cell nuclei displayed strong PARP1 staining, but not stromal tissue or muscle tissue ([Fig 1C](#pone.0147752.g001){ref-type="fig"}).

![PARP1 expression in oral squamous cell carcinoma.\
(**A**) PARP1 Immunohistochemical staining of FaDu and Cal27 xenografts as well as normal mouse tongue and H&E staining of adjacent sections. (**B**) Quantification of the PARP1 positive area in FaDu, Cal27 and tongue tissue. (**C**) High magnification images of specimens displayed in (**A**).](pone.0147752.g001){#pone.0147752.g001}

Cell survival and PARPi-FL imaging after external beam irradiation {#sec016}
------------------------------------------------------------------

Before imaging the PARPi-FL uptake in response to external beam irradiation in HNSCC cell lines, we quantified the effect of irradiation on cell survival. Clonogenic assays revealed that it decreased exponentially with increasing irradiation doses, as seen by reduction of the colony count ([Fig 2B and 2C](#pone.0147752.g002){ref-type="fig"}). At 2, 4 and 6 Gy, Cal27 cells were more sensitive to irradiation than FaDu cells, reflected by a significantly lower surviving fraction (p \< 0.05, [Fig 2B](#pone.0147752.g002){ref-type="fig"}). The most pronounced difference could be seen at 4 Gy, where 37 ± 5% of FaDu cells, but only 10 ± 2% of Cal27 cells maintained their clonogenicity. At 10 Gy, the surviving fraction was 2 ± 1% for FaDu cells and 0.6 ± 0.2% for Cal27 cells, confirming the near-quantitative lethality of the external beam irradiation at this dose.

![Effects of irradiation on cell survival and PARPi-FL uptake.\
(**A**) Examples of clonogenic growth of FaDu and Cal27 cells without (0 Gy) and after 10 Gy irradiation. (**B**) Clonogenic survival curve of FaDu and Cal27 cells after 0, 2, 4, 6, 8 and 10 Gy irradiation. Means ± SEM of three independent experiments with three parallels each. The asterisk indicates a p-value \< 0.05 between FaDu and Cal27 cells using Student's t-test. (**C**) Nuclear PARPi-FL uptake without and after 10 Gy irradiation, as observed microscopically in FaDu cells and (**D**) Cal27 cells. Nuclear localization was confirmed by Hoechst DNA stain. Representative images from n = 3 experiments.](pone.0147752.g002){#pone.0147752.g002}

Effect of cell irradiation on PARPi-FL uptake {#sec017}
---------------------------------------------

PARP1 expression of FaDu and Cal27 cells was imaged using the fluorescent PARP1 inhibitor PARPi-FL. A quantitative relation between PARP1 expression and PARPi-FL binding has been shown previously \[[@pone.0147752.ref031], [@pone.0147752.ref032]\]. PARPi-FL accumulated in the nuclei of FaDu and Cal27 cells, irrespective of the fact whether cells were irradiated with 10 Gy or not ([Fig 2C and 2D](#pone.0147752.g002){ref-type="fig"}).

To quantify the impact of PARP1 expression and PARPi-FL uptake, *in vitro* assays were performed at different time points and a set of irradiation doses. In non-irradiated cells, both cell lines showed a strong uptake of PARPi-FL (measured in the FITC channel), which separated the PARPi-FL incubated population from an unstained cell population ([Fig 3A and 3B](#pone.0147752.g003){ref-type="fig"}). We were able to almost completely suppress the imaging agent uptake, if the non-fluorescent PARP1 inhibitor Olaparib was co-incubated with PARPi-FL (50-fold excess). This shows specificity of PARPi-FL, because Olaparib and PARPi-FL, which are both derived from the same scaffold, compete for the ADP binding site on PARP1. Cells were irradiated with 2, 4 and 10 Gy and PARPi-FL uptake was quantified 6, 24 and 48 hours after the irradiation. At each time point, the mean fluorescence intensity was compared to non-irradiated cells (0 Gy) and the relative PARPi-FL signal was calculated.

![Quantification of PARPi-FL uptake after irradiation.\
Specific uptake of PARPi-FL into FaDu (**A**) and Cal27 (**B**) cells was determined by flow cytometry after incubation of cells with PARPi-FL or Olaparib/PARPi-FL. Olaparib competes with PARPi-FL for specific binding sites on PARP1. PARPi-FL uptake of FaDu (**C**) and Cal27 cells (**D**) after irradiation with 2, 4 and 10 Gy was determined and compared to 0 Gy. Mean PARPi-FL fluorescence signal was measured via flow cytometry in the FITC channel. Bars represent means ± SEM from three independent experiments with three parallels each.](pone.0147752.g003){#pone.0147752.g003}

In FaDu cells, no statistically significant differences between cell populations receiving different radiation doses were observed 6 hours post treatment. At 24 and 48 hours, however, all irradiation doses led to an increase in PARPi-FL uptake compared to the non-irradiated cells ([Fig 3C](#pone.0147752.g003){ref-type="fig"}). The strongest increase of PARPi-FL uptake was observed 48 hours after 10 Gy irradiation, where the PARPi-FL signal was 145.4 + 7.3% compared to non-irradiated cells.

Comparable results were observed in Cal27 cells. At 6 hours post irradiation, the PARPi-FL uptake was comparable for all cell populations. At 24 and 48 hours post irradiation, however, the PARPi-FL signal gradually increased with increasing irradiation doses ([Fig 3D](#pone.0147752.g003){ref-type="fig"}). The most pronounced effect was again observed at 10 Gy irradiation and 48 hours post treatment (136.0 + 16.6% compared to non-irradiation cells). When compared to FaDu cells, 4 Gy irradiation caused a stronger increase in PARPi-FL uptake 48 hours post irradiation.

Effect of *in vivo* irradiation on PARP1 expression and PARPi-FL uptake {#sec018}
-----------------------------------------------------------------------

The effect of 10 Gy irradiation on PARP1 expression and PARPi-FL uptake was assessed in bilateral FaDu tumor bearing nude mice, where the tumor on the right flank was exposed to 10 Gy using an image-guided microirradiator on day 15 after tumor inoculation ([Fig 4](#pone.0147752.g004){ref-type="fig"}). The impact of irradiation was also monitored by looking at the tumor volume for up to 26 days after the tumor inoculation ([Fig 5](#pone.0147752.g005){ref-type="fig"}). In the non-irradiated tumors, the volume gradually increased from 171 ± 92 mm^3^ on day 15 to 512 ± 403 mm^3^ until the end of the observation. Irradiation, on the other hand, led to an immediate reversal of the tumor growth curve and a decrease of mean tumor volume from 230 ± 327 mm^3^ on day 15 to 54 ± 14 mm^3^ on day 26.

![Experimental design for *in vivo* irradiation.\
Bilateral subcutaneous FaDu xenografts were grown for 15 days before 10 Gy irradiation of the tumor on the right flank. Subsequently, the effect of the irradiation on PARP1 expression and PARPi-FL uptake was observed 24 hours and 48 hours post irradiation and compared between the non-irradiated and the irradiated tumor. The effect of irradiation on tumor growth was monitored until day 26 post tumor inoculation or until tumors exceeded a volume of 1000 mm^3^.](pone.0147752.g004){#pone.0147752.g004}

![Growth curves of subcutaneous FaDu tumors over 26 days.\
Tumors were irradiated with 10 Gy using an image-guided microirradiator (day 15). Controls (0 Gy) were not irradiated (n≥4/group). The asterisk indicates statistical significance with p \< 0.05 using the Student's t-test.](pone.0147752.g005){#pone.0147752.g005}

Tumor sections of irradiated and non-irradiated tumors were stained for PARP1 using Immunofluorescence staining at 24 and 48 hours post irradiation ([Fig 6A](#pone.0147752.g006){ref-type="fig"}). Analogous to the *in vitro* experiments, an increased expression of PARP1 was observed in tissues that had been exposed to 10 Gy leading to higher PARP1 expression levels in individual nuclei ([Fig 6B](#pone.0147752.g006){ref-type="fig"}), with relative intensities of 114 ± 21% (24 hours post irradiation) and 147 ± 38% (48 hours post irradiation) compared to non-irradiated (0 Gy) tumor tissues. The PARP1 positive area was increased to a much higher degree than PARP1 expression, an effect that might be amplified by the influx of immune cells, which can themselves produce high levels of PARP1. After 24 hours, the PARP1 positive area was increased to 150 ± 42%, compared to non-irradiated tumors. After 48 hours, the PARP1 positive area more than doubled (239 ± 73%, p = 0.04) in irradiated vs. non-irradiated tumors ([Fig 6B](#pone.0147752.g006){ref-type="fig"}). Irradiation led to an increase in both PARP1 expression and density in FaDu tumors. We confirmed specificity of the staining at all observed time points and irradiation doses by using a rabbit IgG as primary antibody, which did not lead to nuclear or non-nuclear staining ([S1 Fig](#pone.0147752.s001){ref-type="supplementary-material"}).

![PARP1 Immunofluorescence staining of irradiated and non-irradiated tumors.\
(**A**) Representative PARP1 Immunofluorescence staining (n = 4/group). Red: PARP1; blue: Hoechst DNA stain. (**B**) Quantification of the PARP1 intensity per nucleus and the PARP1 positive area of irradiated (10 Gy) tumors in relation to non-irradiated (0 Gy) tumors. Values are based on quantification in 10 fields-of-view per tumor and four tumors per time point. Displayed are means with SEM (normalization was done for each individual before calculating the means).](pone.0147752.g006){#pone.0147752.g006}

Determining the uptake of PARPi-FL macroscopically in freshly excised tumor tissues at 24 and 48 hours after irradiation, we found an increased uptake of PARPi-FL, mirroring the pattern of PARP1 protein expression ([Fig 7](#pone.0147752.g007){ref-type="fig"}). Specifically, epifluorescence imaging of excised FaDu tumors revealed a statistically significant increase of the average radiant efficiency 48 hours after external beam irradiation (radiance levels were 2.3 ± 0.7×10^8^ and 3.2 ± 0.6×10^8^ for non-irradiated and irradiated tumors 48 hours after treatment, [Fig 7A and 7B](#pone.0147752.g007){ref-type="fig"}; p = 0.047), while uptake of PARPi-FL into the normal tongue was negligible (0.3 ± 0.05×10^8^). This trend was also observed on the microscopic level, using confocal microscopy ([Fig 7C](#pone.0147752.g007){ref-type="fig"}). Here, too, the strongest nuclear fluorescence was observed in tumors at 48 hours after 10 Gy irradiation. To assess the influence of autofluorescence on the signal in the green fluorescence channel we also looked at a FaDu tumor, which had not received PARPi-FL. Here, we found a low autofluorescence signal with a very narrow histogram, as opposed to the PARPi-FL containing tumor, which displayed a right shift of the histogram curve and much broader distribution of the fluorescent intensities ([S2A Fig](#pone.0147752.s002){ref-type="supplementary-material"}). To ensure that the PARPi-FL staining is specific to the PARP1 protein, we co-stained cryosections with PARP1 antibody and correlated the PARPi-FL and PARP1 signal. To exclude the possibility of an increase of nonspecific staining after irradiation we chose a tumor that was irradiated with 10 Gy 48 hours prior to PARPi-FL staining, and found a specific localization of the PARPi-FL signal in nuclei (Hoechst staining) which express PARP1 ([S2B Fig](#pone.0147752.s002){ref-type="supplementary-material"}).

![Epifluorescence imaging of PARPi-FL uptake post irradiation.\
(**A**) Representative epifluorescence images of excised FaDu xenografts and mouse tongues. Displayed are fluorescence only, photograph only and composite images. (**B**) Quantification of PARPi-FL uptake into non-irradiated (0 Gy) and irradiated (10 Gy) xenografts and mouse tongue (n = 5/time point). Shown are means ± SD. Asterisk indicates a p-value of \<0.05 using Student's t-test. (**C**) Representative confocal images of the tumors displayed in (**A**). green: PARPi-FL fluorescence signal.](pone.0147752.g007){#pone.0147752.g007}

Discussion {#sec019}
==========

Visualizing and quantifying the amount of external beam radiation delivered to a particular tissue compartment is a major challenge in radiation oncology research \[[@pone.0147752.ref037]\]. Current methods used for determining the amount of radiation deposited in a given compartment largely rely on theoretical models and externally measured beam intensities \[[@pone.0147752.ref038]\]. It has been recognized that such models have experienced considerable advances in past decades, but are also becoming prone to error with increasing complexity \[[@pone.0147752.ref039]\]. Here, we aimed to establish a molecular imaging approach using rapid PARP1 targeted fluorescence imaging to yield a reproducible measure of the effects of external beam radiation to oral cancer tissue.

Our data shows that PARP1 is a robust biomarker, and that the agent accumulates selectively in OSCC cells both *in vitro* and *in vivo*, with and without previous irradiation treatment. We also show that PARP1 indeed responds to ionizing radiation, and that this change can be seen with PARPi-FL for both *in vitro* and *in vivo* experiments.

Our imaging approach is based on the strongly elevated PARP1 expression in cancer tissue compared to its healthy surrounding host tissue, as it has been shown for a large number of tumor types \[[@pone.0147752.ref023], [@pone.0147752.ref027]--[@pone.0147752.ref029], [@pone.0147752.ref040], [@pone.0147752.ref041]\]. Specifically, our xenograft mouse models showed that PARP1 expression was, with levels of 37.2 ± 3.2% and 28.7 ± 1.7% (for FaDu and Cal 27, respectively), 26-fold and 21-fold higher in tumor tissue than tongue tissue (1.4 ± 0.4%, [Fig 1](#pone.0147752.g001){ref-type="fig"}). When exposed to up to 10 Gy of external beam radiation, the clonogenic potential of both FaDu and Cal27 was heavily impacted. It was reduced to 2.0 ± 1.0% and 0.6 ± 0.2% for FaDu and Cal27, respectively. In contrast, at short time points after irradiation (between 6 and 48 hours), cells maintained their viability and PARPi-FL staining did not show qualitative differences from non-irradiated cells. Furthermore, specificity of the PARPi-FL uptake was not affected, as shown by blocking studies.

While no changes in PARPi-FL uptake 6 hours after radiation exposure were seen, we found that median PARPi-FL uptake changed at 24 hours, and particularly at 48 hours after an irradiation event. Changes were seen for as little as 2 Gy, and were more pronounced with increasing dose ([Fig 3](#pone.0147752.g003){ref-type="fig"}).

The same effect could be observed *in vivo*, where we compared the PARP1 expression of tumors that were treated with radiation to those that did not receive treatment. Specifically, we used mice with bilateral FaDu tumors, one of which was treated with 10 Gy of radiation ([Fig 4](#pone.0147752.g004){ref-type="fig"}). In concordance with our *in vitro* experiments, the radiation treatment had a major effect on cell viability, resulting in a tumor volume in the treated group that was 10 times lower than in the non-irradiated tumors ([Fig 5](#pone.0147752.g005){ref-type="fig"}). On histological tumor sections, the treatment resulted in an increase of PARP1 expression similar to that seen using flow cytometry *in vitro* (1.5 ± 0.4 fold increase in fluorescence/nucleus in treated versus untreated FaDu xenografts 48 hours post irradiation). Interestingly, not only the expression, but also the density of PARP1 expressing cells increased in tumors at 48 hours after irradiation. This might be due to elevated PARP1 expression in a subset of tumor cells that were expressing low levels of PARP1 before treatment, but could also be a response of the tumor to the irradiation, and resulting immune cell recruitment \[[@pone.0147752.ref042]--[@pone.0147752.ref044]\]. Ultimately, the increase in PARP1 expression in individual nuclei, paired with higher nuclear densities after irradiation, could also be detected using *ex vivo* whole tumor imaging after PARPi-FL administration ([Fig 7](#pone.0147752.g007){ref-type="fig"}). We found that the median radiant efficiency of tumors that were irradiated was 3.2 ± 0.6 × 10^8^ at 48 hours post treatment. Tumors without irradiation had a radiant efficiency of 2.3 ± 0.7 × 10^8^ at 48 hours post treatment. This increase is in the same range as the increase in PARP1 protein expression, suggesting that PARP1 expression levels can be measured on the whole tumor level using PARPi-FL imaging. The selectivity of PARP1 staining *in vivo* was confirmed by confocal imaging, which showed that the overwhelming amount of imaging agent accumulated in cell nuclei, irrespective of whether those were treated with external beam radiation or not. Confocal imaging also showed that 24 and 48 hours after 10 Gy irradiation, staining with PARPi-FL was more intense in individual nuclei, but also more diffuse and diverse ([Fig 7C](#pone.0147752.g007){ref-type="fig"}). The irradiation treatment also affects the tumor microenvironment \[[@pone.0147752.ref042]\], resulting in compromised tumor tissue architecture, paired with dead cells \[[@pone.0147752.ref044]\], disrupted perfusion \[[@pone.0147752.ref045], [@pone.0147752.ref046]\] and the subsequent effects on tumor penetration and clearance of PARPi-FL in the tumor.

The increased expression of PARP1 post irradiation also becomes interesting considering combination of radiation therapy with PARP1 inhibitor therapy to mediate synthetic lethality to tumor tissue.

In summary, we have shown that PARP1 expression increases in response to external beam radiation, and that this increase can be observed in cell culture and on the tissue level. Further, the fluorescent imaging agent PARPi-FL is able to accumulate in irradiated cell nuclei of tumor tissues, and its accumulation indicates, that it might be possible to use this or other PARP1 targeted imaging agents to delineate tissues exposed to radiation. Future studies will have to elucidate the effects of changing perfusion, cell density and other architectural changes inside the tumor.

Ultimately, the translation of PARP1 imaging to other modalities, for example whole body PET imaging, using ^18^F labeled or dual labeled (^18^F and Bodipy-FL) PARP Inhibitors will be critical to enable clinical PARP1 imaging. We have shown that such probes accumulate in PARP1 expressing tumors specifically \[[@pone.0147752.ref030], [@pone.0147752.ref047]\]. Future investigations will have to clarify the quantitative relationship between PARP1 expression in whole body PET imaging post irradiation and therapy outcome.

Supporting Information {#sec020}
======================

###### Specificity control of PARP1 Immunofluorescence staining of irradiated and non-irradiated tumors.

Subsequent cryosections of the same tumors were either stained for PARP1 (**A**) or the primary anti-PARP1 antibody was replaced with a nonspecific rabbit IgG (**B**) to assess the extent of nonspecific binding. The secondary goat anti-rabbit antibody was labeled with an AF594 red fluorescent dye. In combination with the primary rabbit anti-PARP1 antibody, nuclear staining can be observed which is absent in the rabbit IgG control. Furthermore, no non-nuclear red fluorescent signals could be observed, indicating that no measurable non-specific binding was induced by the irradiation.

(JPG)

###### 

Click here for additional data file.

###### PARPi-FL *ex vivo* imaging specificity control.

(**A**) Comparison of the green fluorescence signal (intensity and histogram distribution) in FaDu tumor tissue with and without PARPi-FL injection to assess the potential impact of autofluorescence. (**B**) PARP1 staining of cryosections of a FaDu tumor 48 hours after 10 Gy irradiation to show colocalization between PARPi-FL and PARP1 including specificity controls for the PARP1 staining (replacement of the specific primary anti-PARP1 antibody with rabbit IgG or no primary).

(JPG)

###### 

Click here for additional data file.
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